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ABSTRACT: Molybdenum imido alkylidene and tungsten oxo alkylidene complexes that contain a tridentate "pincer" [ONO] 2-ligand have been prepared and treated with ethylene to give unsubstituted metallacyclobutane complexes that have a 16e count. Both Mo and W metallacyclobutane complexes exchange C 2 D 4 into the metallacyclobutane ring at 22 °C at a rate that is first order in metal and zero order in C 2 D 4 . These metallacycles lose ethylene at least 10 4 to 10 5 times slower than reported 14e unsubstituted Mo and W metallacyclobutane complexes that have been explored in the literature that have a TBP geometry with the metallacyclobutane ring bound in the equatorial positions. Our studies suggest that breaking up the metallacyclobutane ring in these 16e d 0 Mo or W complexes is slow because a 14e TBP metallacyclobutane complex cannot be accessed readily.
Alkylidene complexes of molybdenum and tungsten with the formula M(Z)(CHR)(X)(Y)
, where X and Y are monodentate monoanionic ligands and Z is an imido (M = Mo or W) or oxo (M = W) ligand, have been explored extensively as initiators for the controlled metathesis of olefins. 1 If X and Y are not strong π bonding ligands, and Z (NR or O) is, then M(Z)(CHR)(X)(Y) complexes have a 14 electron count at the metal and 14e five-coordinate trigonal bipyramidal metallacyclobutane complexes made from them upon addition of olefin are the key intermediates in the metathesis reaction. 1, 2 In a recent investigation of W(O)(CHR)(OAryl) 2 (L) complexes (L = a phosphine or acetonitrile) for ring-opening metathesis polymerization 3 it was found that 16e W(O)(CHR)(OAryl) 2 (L) complexes behave as initiators for ROMP to give polymers that are highly biased toward cis,isotactic structures, while 14e W(O)(CHR)(OAryl) 2 analogs yield polymers that are highly biased toward cis,syndiotactic structures. These results suggest that the presence of the 2e donor (L) changes the selectivity of the ROMP reaction. Fischer reported 4 that Mo alkylidyne complexes that contain the [ONO] 2-"pincer" ligand shown in Figure 1 5 are efficient catalysts for the living ring-opening polymerization of cyclooctynes at 90 °C; the initiators are essentially inactive at 22 °C. In response to the above findings we became interested in preparing and exploring 16e imido alkylidene complexes that contain the [ONO] 2-ligand shown in Figure 1 . Coordination of the pyridyl nitrogen should essentially guarantee that a 16e count is maintained throughout the metathesis process.
The reaction between Mo(NC 6 F 5 ) 2 (CH 2 CMe 2 Ph) 2 and H 2 [ONO] in benzene at 60 °C (12 h) led to formation of C 6 F 5 NH 2 , CPhMe 3 , and Mo(NC 6 F 5 )(CHCMe 2 Ph)(ONO) (1) as the only products (eq 1), according to NMR data; 1 could be isolated in only ~30% yield starting with 0.30 g of Mo(NC 6 F 5 ) 2 (CH 2 CMe 2 Ph) 2 as a consequence of its relatively high solubility in pentane. This is the only example of forming an imido alkylidene complex employing a (bi)phenol as an acid whose pK a is not as low as that for C 6 F 5 OH. Pentafluorophenol has been employed to protonate the tbutylimido ligand in Mo(N-t-Bu) 2 (CH 2 CMe 3 ) 2 to yield Mo(Nt-Bu)(CH-t-Bu)(OC 6 F 5 ) 2 (NH 2 -t-Bu) and neopentane, 6, 7 but protonation of a pentafluorophenylimido nitrogen in compounds of this general type also was not known. An X-ray structure of Mo(NC 6 F 5 )(CHCMe 2 Ph)(ONO) shows it to be essentially a square pyramid ( Figure 2 ) in which the neophylidene ligand is in the apical position and in a syn orientation (in which the substituent points toward the imido nitrogen atom). The N-Mo-N2 angle is 140.9(2), the O-Mo-O angle is 153.4(2)°, and the Mo=N-C angle is 159.1(6)°. The neophylidene ligand has a relatively large Mo-C1-C2 angle (150.7(6)°) and a small Mo-C1-H1 angle (96.1(5)°). The value for 1 J CH (120 Hz) is typical for a syn alkylidene isomer. 1a,1f,8 An attempt to prepare 1 in a reaction between Li 2 ONO and Mo(NC 6 F 5 )(CHCMe 2 Ph)(1,2-dimethoxyethane)(OTf) 2 led to formation of Mo(NC 6 F 5 )(CHCMe 2 Ph)(ONO)(OTf)(DME)(Li) (1(LiOTf) ). An X-ray structural study shows 1(LiOTf) to be (The solvent and all hydrogens except H1 were omitted for clarity).
essentially an octahedral complex in which triflate is bound to the metal and the lithium ion is coordinated to dimethoxy ethane and the two [ONO] 2-oxygen atoms ( Figure 3 ). This circumstance forces the [ONO] 2-ligand to be in an unusual fac configuration with the O1-Mo-O2 angle being 79.6(2)°. (The  [ONO] 2-ligand is close to a mer geometry in all previously reported octahedral complexes. 4, 5 ) The N1-Mo-O1 and N1-Mo-O2 bond angles are 76.6° and the Mo-O1 and Mo-O2 bond lengths (2.244 and 2.118 Å, respectively) are significantly longer than the Mo-O bond distances (1.988 and 2.001 Å) found in the octahedral molybdenum alkylidyne complex reported by Fischer, et al. 4 Recrystallization of 1(LiOTf) from toluene and pentane multiple times yields 1, which confirms that LiOTf is lost readily from 1(LiOTf) in C 6 D 6 at 22 °C.
Compound 1 reacts slowly with ethylene (1 atm) over a period of 4 h at 22 °C to yield the six-coordinate unsubstituted metallacyclobutane complex, Mo(NC 6 F 5 )(CH 2 CH 2 CH 2 )(ONO) (2) instead of the five-coordinate methylidene complex, Mo(NC 6 F 5 )(CH 2 )(ONO) that we expected. An X-ray structure of 2 ( Figure 4) showed that N1 and N2 are essentially trans to one another (178.4(2)°), the O1-Mo-O2 angle is 122.7(1)°, and the Mo-N2 distance is 2.377(3) Å.
Complex 2 is one of four unsubstituted molybdacyclobutane complexes to be isolated; the other three are five-coordinate TBP complexes that contain the 2,6-diisopropylphenylimido ligand (NAr), and only one of the three, Mo(NAr)(C 3 H 6 )(Me 2 Pyr)(OBitetBr 2 ), 9 has been characterized in an X-ray study. 12 and a trisubstituted metallacycle formed through addition of 5,6-bistrifluoromethylnorbornadiene to W(NAr)(CH-t-Bu)(O-tBu) 2 . 13 The metallacyclobutane ring in 2 and in SP metallacycles are all somewhat bent with M-Cβ distances of ~2.78 Å and other angles and bond distances are distinctly different from what they are in TBP metallacycles ( Figure 5 ). 1a,1f,2 It has been proposed that five-coordinate TBP metallacycles are the crucial intermediates in metathesis reactions; the M-Cβ distances are relatively short (2.3-2.4 Å; see Figure 5 ) and the olefin therefore able to be lost readily via what could be described as a transition state with a significant degree of olefin/alkylidene character. 2, 14, 15 One five-coordinate tungstacyclobutane complex has been observed in the solid state in which the distorted WC 3 ring spans apical and basal positions and appears to be on its way to losing ethylene. 16 Compound 2 decomposes slowly in C 6 D 6 at room temperature in the absence of ethylene to yield what we propose to be the ethylene complex, Mo(NC 6 F 5 )(CH 2 CH 2 )(ONO) (3), and free ethylene; no propylene, the product that would be formed through rearrangement of the metallacycle, is observed in the proton NMR spectrum.
We propose that 2 loses ethylene slowly to give Mo(NC 6 F 5 )(CH 2 )(ONO). Bimolecular coupling of the methylidene ligands in Mo(NC 6 F 5 )(CH 2 )(ONO), possibly via a bis-µ-methylidene bimetallic complex, 17 then leads to 3 in the presence of the one equivalent of ethylene that was lost from 2. Bimolecular decomposition of d 0 methylidene complexes, first observed in 18e Cp 2 Ta(CH 2 )Me, 18 is relative- (5) , which can be isolated in 55-75% yield as a consequence of its relatively low solubility in pentane. Proton and carbon NMR spectra of 5 show the metallacyclobutane proton and carbon resonances in essentially the same positions as in 2, which suggest that the structure of 5 is analogous to that of 2.
The exchange of C 2 D 4 into the metallacycle in 5 was also found to be first order in metal and zero order in C 2 D 4 at 760 and 380 mm Hg partial pressures of C 2 D 4 . However, the rate constants (k = 8x10 Loss of ethylene from 16e 2 and 5 is dramatically slower than the rate of loss of ethylene from 14e unsubstituted TBP metallacyclobutane complexes that have been explored through NMR methods.
14 Rate constants for loss of ethylene from molybdacyclobutane complexes are >10 s -1 . The rate of loss of ethylene from 2 is at least 10 4 times slower and the rate of loss of ethylene from 5 is at least 10 5 times slower than loss of ethylene from observable TBP molybdacycles in the literature. 1a ,f There is some evidence from experimental studies, 14, 15 but little from theoretical studies, 2 for an alkylidene/olefin transition state in forming a high oxidation state Mo or W metallacyclobutane complex or losing an olefin from a metallacyclobutane complex. The studies reported here provide convincing evidence that access to what is close to an alkylidene/olefin transition state is crucial to the olefin metathesis process and that 14e TBP intermediates are close to that transition state. An inability to access the 18e alkylidene/olefin state is a viable explanation as to why the metallacycles in 2 and 5 are not destabilized in the presence of the pyridine donor, but in fact stabilized toward loss of olefin, which is contrary to what we expected. Because there is no evidence for rearrangement of 2-d 4 (α-CH 2 ) to 2-d 4 (β-CH 2 ) in 2 and 5 (equation 2), ethylene must be lost faster than the metallacycle can reform from any alkylidene/olefin intermediate. This circumstance has also been observed in NMR studies of TBP metallacycles where ethylene loss is fast.
14 Rearrangement of an SP complex to a TBP complex provides an indirect pathway for loss of olefin, but in six-coordinate 2 and 5 the metallacyclobutane ring is effectively "locked" in a pseudooctahedral form.
Preliminary experiments with 2 and 5 have shown that they are extremely slow catalysts for the metathesis of ordinary olefins, and even polymerization of norbornene, at 22 °C, as one would expect on the basis of the ethylene exchange reactions that have been observed here. The room temperature results did not eliminate the possibility that 16e complexes such as 2 and 5 could be useful for olefin metathesis at high temperatures, especially if both bimolecular decomposition and metallacyclobutane rearrangement to an olefin are slower relative to the rate of olefin metathesis. However, at loadings of 5 mol % 2 homocoupling of 1-hexene progresses to only 28 % conversion to 5-decene over 4 days at room temperature and at 50 °C to 24 % conversion over 24 h. Catalyst 5 in similar experiments gives 20 % conversion to 5-decene over 4 days at room temperature, and 7 % conversion at 50 °C over 24 h. Both catalysts also decompose in the 50 °C experiments.
The results presented here suggest that a 2e donor ligand can block loss of an olefin from a metallacycle. An important remaining question then is how can a donor ligand dramatically alter the course of facile metathesis reactions? 3, 21 A clue may lie in the finding that donor ligands also can catalyze rearrangement of four-coordinate alkylidene complexes through formation of five-coordinate adducts, as has been observed for diasteromers of four-coordinate imido alkylidene complexes that contain a stereogenic metal center. 22 Studies aimed toward answering questions concerning the role of donor ligands (including solvents) are being addressed. Experimental details for X-ray structural studies S9-S10 Tables S1-S6 . X-ray structural data S10-S26
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General Experimental Procedures. All procedures and manipulations were performed under an argon or nitrogen atmosphere using standard Schlenk and glovebox techniques unless stated otherwise. All glassware was oven-dried or flame-dried prior to use unless stated otherwise. Ether, pentane, toluene, dichloromethane, toluene, and benzene were degassed with dinitrogen and passed through activated alumina columns under nitrogen unless stated otherwise. All dried and deoxygenated solvents were stored over molecular sieves in a nitrogen-filled glovebox. Deuterated solvents were purchased from Cambridge Isotope Laboratories, degassed, and dried over activated molecular sieves prior to use. Mo(NC 6 Elemental analyses were performed at the CENTC Elemental Analysis Facility at the University of Rochester.
Modified Synthesis of Mo(NC 6 F 5 ) 2 Cl 2 (DME). The following procedure was adapted from Fox, H. H. et al. 4 A Schlenk flask was charged with 2.00 g of (NH 4 ) 2 Mo 2 O 7 (1 equiv, 10.2 mmol) and a magnetic stir bar. DME (40 mL) was then added to the flask followed by 11.4 mL NEt 3 (8.00 equiv, 81.6 mmol), 22.0 mL TMSCl (17.0 equiv, 173 mmol), 7.46 g C 6 F 5 NH 2 (4.00 equiv, 40.7 mmol), and 60 mL of DME. The mixture was heated overnight (18 h) at 70 °C. The red reaction mixture was allowed to cool to room temperature and the mixture was filtered through a short Celite plug. The filter cake was rinsed thoroughly with DME and the volatile components were removed from the filtrate in vacuo to yield a sticky tar. The residue was extracted with 500 mL of diethyl ether and the extract was then concentrated to ~30 mL in vacuo. The resulting slurry was stirred for several hours before the solid was isolated on a glass frit and washed with small amounts of cold diethyl ether. The product was dried in vacuo to give a red powder; yield = 4.9 g (94%). All spectroscopic data match the data reported previously. 2 (1 equiv, 0.615 mmol) in 15 mL benzene. The reaction mixture was then heated in a sealed vessel at 60 °C for 12 h. The reaction was cooled to room temperature and the solvent was removed under reduced pressure. The dark residue was dissolved in ~10 mL pentane and the mixture was filtered through Celite. The solvent was removed under reduced pressure and the dark residue was dried under high vacuum. The residue was redissolved in ~2 mL pentane and the mixture was stirred for 1 h. The resulting suspension was cooled to -30 °C for several hours. The product was isolated by filtration, washed with small amounts of cold pentane, and dried under high vacuum to yield a bright yellow powder; yield 0.1532 g (27.8%). Crystals suitable for X-ray diffraction studies were obtained from a pentane solution cooled to -30 °C. All NMR spectroscopic data were identical to 1(LiOTf) as a consequence of loss of LiOTf from 1(LiOTf) in solution. 
Mo(NC6F5)(CH2CH2CH2)(ONO) (2).
A solution of 0.085 g of 1 (0.095 mmol) in 10 mL pentane was placed under one atmosphere of ethylene using a freeze-pump-thaw cycle and the vessel was sealed. The reaction was stirred for 4 h, after which time the reaction volume was reduced to ~2 mL and the resulting suspension was cooled to -30 °C overnight. The product was isolated by filtration, washed with small amounts of cold pentane, and dried under high vacuum to give an orange powder; yield 0.0463 g (60.6%). Crystals suitable for X-ray diffraction studies were obtained from a pentane solution cooled to - 2 (1 equiv, 0.615 mmol) in 15 mL benzene. The reaction mixture was then heated in a sealed vessel at 60 °C for 12 h. The reaction was cooled to room temperature and the solvent was removed under reduced pressure. The dark residue was dissolved in ~20 mL of pentane and the mixture was filtered through Celite. The pentane filtrate was then placed under an atmosphere of ethylene using one freezepump-thaw cycle, and the vessel was closed. The reaction was stirred for 4 h, after which time the reaction volume was reduced to ~2 mL, and the resulting suspension was cooled to -30 °C overnight. The product was isolated by filtration, washed with small amounts of cold pentane, and dried under high vacuum to give an orange powder; yield 0.191 g (38.6%).
Mo(NC6F5)(CH2CH2)(ONO) (3).
A solution of 0.050 g of 2 (6.21 μmol) in 2 mL benzene was stirred in a closed vial for 1 week. The solvent was removed under reduced pressure, and the dark residue triturated with ~4 mL pentane overnight. The solution was filtered and the filtrate stored at -30 °C for several days. The product was isolated by filtration, washed with a small amount of cold pentane, and dried under high vacuum to yield a tan powder; yield 0.0123 g (25. 4 (1 equiv, 0.249 mmol) and the mixture was stirred for 2 h. The orange solution was filtered through Celite and the solvent was removed in vacuo. The resulting residue was dissolved in ~10 mL DCM and the mixture was filtered through a 0.45 μm micropore frit. The solvent was removed under reduced pressure and the resulting residue stirred in ~5 mL pentane for 30 min. The product was isolated by filtration, washed with pentane, and dried under high vacuum to yield an orange powder; yield 0.198 g (78. 4 (1 equiv, 0.294 mmol) and the mixture was heated to 60 °C for 2 h. The orange solution was filtered through Celite and the solvent was removed in vacuo. The resulting residue was dissolved in ~10 mL CH 2 Cl 2 and the solution was filtered through a 0.45 μm micropore frit. The solvent was removed under reduced pressure and the resulting residue stirred in ~5 mL pentane for 30 min. The product was isolated by filtration, washed with pentane, and dried under high vacuum to yield an orange powder; yield 0.230 g (81. 4 (1 equiv, 0.360 mmol) and heated to 60 °C for 2 h. The orange solution was filtered through Celite and the solvent removed from the filtrate in vacuo. The resulting residue was dissolved in ~10 mL DCM and the solution was filtered through a 0.45 μm micropore frit. The solvent was removed under reduced pressure and the resulting residue stirred in ~5 mL pentane for 30 min. The product was isolated by filtration, washed with pentane, and dried under high vacuum to yield an orange powder; yield 0.241 g (75%): 1 
W(O)(CH2CH2CH2)(ONO) (5).
A suspension of 0.100 g 4(PPh 2 Me) (0.098 mmol) in 10 mL pentane was placed under an ethylene atmosphere using one freeze-pump-thaw cycle and the vessel was sealed. The mixture was stirred overnight and then the volume of solvent was reduced to ~2 mL. The resulting suspension was stored at -30 °C overnight, and the product isolated by filtration, washed with cold pentane, and dried under high vacuum to yield a pale yellow solid; yield 0.0396 g (55. 
Alternative Synthesis of 5.
A suspension of 0.88 g 4(PPhMe 2 ) (0.092 mmol) in 9 mL pentane was placed under an ethylene atmosphere using one freeze-pump-thaw cycle and the vessel was sealed. The mixture was stirred overnight and then the volume of solvent was reduced to ~2 mL. The resulting suspension was stored at -30 °C overnight, and the product was isolated by filtration, washed with cold pentane, and dried under high vacuum to yield a pale yellow solid; yield 0.0514 g (77%).
1-Hexene Coupling.
A solution of 1---hexene (20 equiv) in 0.5 mL C6D6 was added to 5.0 mg of catalyst (1 equiv) and loaded into a J---Young tube. The J---Young tube was attached to a Schlenk---line and exposed to a flow of N2 gas. The progress of the reaction at both room temperature and 50 °C was followed by 1 H NMR spectroscopy.
C 2 D 4 Exchange Experiments.
A solution of 2 (6.21 μmol) or 5 (6.87 μmol) in 0.5 mL C 6 D 6 with 1 μL mesitylene as an internal standard was transferred to a J-Young tube and put under a pressure of C 2 D 4 using one freezepump-thaw cycle. The pressure of C 2 D 4 was measured using a mercury manometer, and all pressures were measured while the C 6 D 6 was frozen, but not submerged in liquid N 2 . The solvent was thawed, the J-Young tube was shaken, and the disappearance of the beta metallacycle proton resonances were followed by NMR spectroscopy.
For both 2 and 5, the loss of ethylene at 20 °C was found to be first order in the metal complex and zero order in ethylene pressure. The rate constant for ethylene loss from 2 was approximately 8.2x10 ---5 s ---1 , which corresponds to a half life of t1/2 = 2.35 h (see Figures S2 and S3) . The rate constant for ethylene loss from 5 was an order of magnitude slower than in 2, approximately 9.2x10 ---6 s ---1 , which corresponds to a half life of t1/2 = 21.0 h (see Figures S4 and S5) . 
Experimental details for X-ray studies
Low-temperature diffraction data were collected on a Bruker-AXS X8 Kappa Duo diffractometer coupled to a SMART Apex2 CCD detector with Mo Kα radiation (λ = 0.71073 Å) from an IµS micro-source, performing φ-and ω-scans. The structures were solved by direct methods using SHELXT 5 and refined against F 2 on all data by fullmatrix least squares with SHELXL-2015 6 following established refinement strategies. 7 All non-hydrogen atoms were refined anisotropically. Except when noted otherwise below, all hydrogen atoms were included in the model at geometrically calculated positions and refined using a riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups).
Coordinates for those hydrogen atoms on the carbon binding directly to the metal (carbon atom C1 in all three structures) were taken from the difference Fourier Synthesis. Those hydrogen atoms were subsequently refined semifreely with the help of distance restraints (target C1-H1 distance 0.95(2) Å), while constraining their U iso values as described above. Details of the data quality and a summary of the residual values of the refinements are listed in tables below.
Compound 1 crystallizes in the monoclinic space group C2/c with one molecule of 1 and one half a molecule of pentane per asymmetric unit. The second half of the pentane is generated from the first half by the crystallographic two-fold axis. The odd number of pentane molecules in the asymmetric unit leads to a non-integer number for element carbon in the empirical formula. Except for the C1-H1 distance restraint, no further restraints were applied.
Compound 1LiOTf crystallizes in the monoclinic space group P2 1 /c with one molecule of 1LiOTf and one molecule of pentane in the asymmetric unit. The solvent molecule was refined as being disordered over two positions. 
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This disorder was refined with the help of similarity restraints on 1-2 and 1-3 distances and displacement parameters as well as rigid bond restraints for anisotropic displacement parameters. The disorder ratio was refined freely and converged at 0.773(6).
Compound 2 crystallizes in the triclinic space group P1 with one molecule of 2 and 1.5 molecules of pentane in the asymmetric unit. The odd number of pentane molecules in the asymmetric unit leads to a non-integer number for carbon in the empirical formula. The half occupied solvent molecule was refined as disordered over four positions, two of which are crystallographically independent. The fully occupied pentane was refined as disordered over three independent positions. All disorders were refined with the help of similarity restraints on 1-2 and 1-3 distances and displacement parameters as well as rigid bond restraints for anisotropic displacement parameters. In addition, the thermal parameters of the atoms of the fourfold disordered pentane were pairwise constrained to be equal. 
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